Abstract
Introduction
Automatic assessment of image quality by a machine expert is difficult, but useful for a number of tasks: monitor and adjust image quality, optimize algorithms and parameter settings, benchmark image processing systems [1] . Quality assessment methods can be divided into full/reduced/no-reference approaches, depending on how much prior information is available on how a perfect candidate image should look like. In this work we demonstrate quality assessment of the second kind, where images come from a specific application. The use of general quality metrics originally suggested in image compression studies [2] , e.g. mean square error (MSE) or peak signal to noise ratio (PSNR) is excluded because of poor performance in recognition applications. Also, a "universal" quality metric appears to be impossible: One application may use information of an image not useful to another application. In biometrics, for example, a face image contains information not useful to a fingerprint machine expert. Ideally a quality model involves features, which are preferably related to each other, i.e. features which are reusable even for different applications. In this work symmetry features are used to automatically assess the quality of fingerprint images, but also an indication of their appliance in face images is given. We can not use more than general models when trying to estimate the quality of biometric images, since a high-quality reference image of the same individual is usually not available, i.e. the link to the individual may not be established in advance.
Once available, the benefits of having an automatic quality estimate include the following: First, when acquiring biometrics, all samples presented by a person (either for an enrolment or authentication purpose) can be checked automatically in terms of quality, this way enabling reasonable discrimination among individuals in the first place [3] . Second, in an authentication configuration involving several traits, e.g. face, fingerprint and speech, the quality of the presented images influences the weight given to the respective expert at fusion stage, where a final decision is made. The improvement of quality-aware fusion has been shown, although mainly involving quality assessment done by human experts [4, 5] . Thirdly, the the quality of an image might vary when considering only parts of it. For example, when measuring the similarity among biometric samples, high quality regions must be favoured [6, 7] . The three issues above are not only important in biometric recognition but also in other computer vision applications which involve visual recognition, e.g. object recognition, image database retrieval, etc.
As a result of recent fingerprint verification competitions involving particularly low quality impressions, even state-of-the-art algorithms' performance decreases remarkably [8] . Recent advances in fingerprint quality assessment include [7, 3, 9] . The novelty of this study consists in the continuous modeling of all details in a fingerprint allowing them to be used for dual purposes, recognition and quality estimation. Additionally, while there are limited efforts devoted to the study of fingerprint image quality, to the best of our knowledge no studies have reported on face image quality.
We will first describe our general approach to quality assessment, and give further details in the case of fingerprint and face images. We report quantitative and comparative experimental results involving a different fingerprint quality estimation method [3] , as well as, manual (independent of this study) quality indices assigned to the fingerprints of the QMCYT database [5, 10] . Two fingerprint recognition systems [3, 6] are employed to study the effects of fingerprint quality on the two systems, and, to observe how well manually and automatically assigned quality indices are agreeing.
Quality Assessment Features
The orientation tensor holds edge information, which is exploited in this work to draw conclusions on the quality of an image. Our target is to determine whether the information is structured in some sense, i.e. to distinguish noisy content from possibly non-trivial structures. The latter are for example essential for recognition tasks, representing the individuality of a biometric sample. Our method principally decomposes the orientation tensor of an image into symmetry representations, where the included symmetries are related to the particular definition of quality. Whether or not a test image comprises these symmetries, will be a factor determining the quality metric. The orientation tensor is given by the equation
where D x f and D y f denote the partial derivatives of the image w.r.t. x-and y-axes. The squared complex notation directly encodes the double angle representation. For the computation of the derivatives, separable Gaussians with a small standard deviation are used. Next, the orientation tensor is decomposed into symmetry features of order n, where the nth symmetry is given by exp (inφ + α) [11, 12, 14, 13] . The corresponding patterns are shown in figure 1 , e.g. straight lines for n = 0, parabolic curves and line endings for n = ±1, circles, spirals and stars for n = ±2. In figure 1 , the so called class member α is zero.
Filters modeling these symmetry descriptions can be obtained by
where g denotes a 2D Gaussian with standard deviation (σ). These features are invariant to position, rotation, and (locally) to scale. For a more detailed review of symmetry filters, i.e. symmetry derivatives of Gaussians, we refer to [13] . Decomposing an image into certain symmetries involves calculating z, h n , where , denotes the 2D scalar product, yielding complex responses s n = c · exp (iα), with c representing the certainty of occurrence and α (class member) encoding the pattern orientation of symmetry n (for n = 2). Normalized filter responses are obtained calculatingŝ n = z,hn |z|,h0 , by dividing s n through the amount of certainty. In this way, {ŝ n } describe the symmetry properties of an image in terms of n orders. The ns can be chosen to match the expected symmetries in a candidate image, thus modeling a reference image by a limited number of symmetry features. The definition of quality for a specific application determines the orders and scales (σ) used by this model. Furthermore, we demand {ŝ n } to be well separated over the image plane, in that we look for a high and dominant symmetry at each point. Equation 3 denotes a simple inhibition scheme [14] 
where k refers to the remaining applied orders, to sharpen the filter responses. Consequently, a high certainty of one symmetry type imposes a reduction of the other types. Second, we calculate the covariance among {|ŝ i n |} in blocks of size bxb. It is assumed that a large negative covariance is desirable in terms of quality, because this suggests well separated symmetries with reliable certainty measures c. On the other hand, positive covariance implies the co-occurrence of mutually exclusive symmetry types in the vicinity of a point, which we consider an indication for noise or blur. We incorporate this information by weighting the symmetry certainty. Simply summing {ŝ i n } at each pixel gives a total symmetry image s total , which is further averaged in blocks of size bxb yielding s b . The quality measure q b for each block is given by
where χ represents the Heavyside function (1 for positive arguments, 0 otherwise) and r b denotes the correlation coefficient among {|ŝ i n |} for block b. The quantity r b is calculated as an average of the correlation coefficients between any two involved orders r bk,l , as defined by
Note that r bk,l = r bl,k , and that in case of employing only two orders for the decomposition, e. 
Applications

Fingerprint quality assessment
By human experts, the quality of a fingerprint image is usually expressed in terms of the clarity of ridge and valley structures, as well as the extractability of certain points (minutiae, singular points) [7] . We can model the behaviour of the orientation tensor of a typical fingerprint entirely with symmetry features. On one hand, a coherent ridge flow has linear symmetry and thus can be modeled by symmetry features of order 0. On the other hand, minutiae points such as ridge bifurcation and ending have parabolic symmetry and can be modeled by symmetry features of order 1.
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Other prominent points in fingerprints such as core and delta points can likewise be modeled by symmetry features of order 1 and -1 respectively. Intuitively, features of order |n| > 1 are considered not meaningful here and are therefore omitted. Also, order 1 can represent both 1 and -1 since the filters respond similarly at singular points of different type, and no further classification is needed. This means that only three scalar products are needed with the orientation tensor, z, h 0 , |z|, h 0 and z, h 1 . The first two scalar products essentially correspond to averaging the orientation tensor z and its magnitude |z| respectively, whereas the last scalar product corresponds to a complex derivation of z. All convolutions can be implemented employing 1D Gaussian filters and their derivatives, e.g. z,
, z . By following the concepts above, we obtain two inhibited symmetry images s . Looking at the latter, bright blocks indicate good quality. We average q b over the number of interesting blocks in i b , to obtain an overall quality metric Q. This metric lies in [0, Q max ] for some Q max ≤ 1 depending on the choice of y. Although we have confined our reporting to boosting recognition rates, it should be noted that q b can also be used in other fingerprint processing modules, e.g. to steer a fingerprint enhancement process and to make feature extraction or matching more robust.
The few published studies on fingerprint quality assessment methods measure spatial coherence of the ridge flow only, by essentially determining or approximating s 0 . Additionally the latter is commonly partitioned into blocks (s 0avg ), which are then weighted decreasingly with distance to the fingerprint's centroid when calculating a quality metric. Inspecting, figure 4 reveals that this strategy may not be enough, because important regions such as singular points (e.g. core, delta) and minutiae are per definition incoherent to the ridge flow, and their presence therefore automatically impairs the estimated quality. In figure 4 , averaged s 0 and our metric is shown on an image from the QMCYT database. Quantitative results with comparisons will be presented further below.
Face quality assessment
To show that the proposed method is not restricted to quality assessment of fingerprint images only, we demonstrate its usability for another biometric trait, i.e. to estimate the quality of face images. In terms of quality definition we can restate the demand for clarity of linear structures. In addition we can also expect circular patterns (e.g. eyes, nostrils) in a face image. For this reason we model the orientation tensor with symmetry features of orders 0 and 2 here. Depending on the size of the face in the image, (σ) may be adjusted when decomposing the tensor. Except this, the same steps as detailed above are applied in order to determine the quality measure. When constructing s 2 , we calcu-
, z , involving separable Gaussians and their 1st and 2nd order derivatives. Thus, all convolutions are reduced to one dimension again. Furthermore, we apply a simple self damping of s 2 in neighbourhoods where arg(s 2 ) = 0, refining s 2 = s 2 · | cos (arg(s 2 ))|, to focus on class member α = 0 (compare last pattern in figure 1) .
The top row of figure 3 shows a (cropped) example image of the XM2VTS database, and the corresponding total symmetry image s total . The latter contains the relevant portions of the image, as can be observed. Following the steps above, q b is calculated along blocks, yielding the image displayed to the right of s total . Here, q b is bright, wherever s total is defined (s b > τ). In order to show the effects of noise on q b , we degrade the example image by adding Gaussian noise. This is visualized in the second row of figure 3 . The presence of heavy noise counteracts the dominance of a single symmetry at a point, and, in addition gives rise to multiple filter responses where no focused structure is present. This has an impact on the covariance between the different orders, which in turn decreases the the combined certainty of the symmetries and thus the quality measure. In the example of figure 3 , the estimated quality decreases by ≈ 70%.
A quantitative face image quality assessment is not possible to present, because a publicly available and independently annotated database is lacking.
Experiments
We use a recently developed fingerprint recognition system [6] for the experiments. It applied some features out of the ones used for quality assessment above, but in a manner primarily targeting on measuring the similarity among fingerprints. The system efficiently worked with symmetry features of order 0 and 1 throughout the whole process of fingerprint alignment and matching. Only "welldefined" regions of two fingerprints were considered for comparison, which already indicated some quality awareness of the system. In what follows it is referred to as system A. All experiments are conducted on the QMCYT fingerprint database [10] , defining 750 fingerprints * 12 impressions. For each impression a manually annotated (independent of this study) quality label [15] was available. We compared these to the automatically determined ones. To further extend experimental possibilities we also use the publicly available NIST 1 FIS2 software for both fingerprint 1 First we show how the fingerprints are distributed in terms of quality according to the different quality assessment methods. Looking at figure 5, the estimated (proposed method) and empirical (human opinion) distributions show very promising similarities, whereas the proportioning by the second automatic estimator is deviating notably. Second we want to use these quality labels to show the connection between recognition performance and quality of the involved impressions, i.e. we want to examine the validity of the quality assessment. We can do this by partitioning the available fingerprints into "quality groups", and test the recognition performance taking only samples within the same quality group. The 750 fingerprints are split into 5 equally sized partitions of increasing quality. The criteria for a fingerprint to be part of a certain group included the average quality of its impressions. For each group we perform 150x9 genuine and 150x74 imposter trials. We show the EER of the two recognition systems for all quality groups, where the partitioning of the fingerprints is based on the different quality assessment methods (see figure 6 ). Observe that recognition performance significantly increases along with image quality, in particular when considering only the two lowest quality groups. Also note that the proposed esti- mator comes closest to the human expert's quality grading.
Conclusion
In this work we proposed a reduced-reference image quality assessment method, and showed its interdisciplinary applicability in two biometric traits, face and fingerprint images. As the experimental results on fingerprint quality estimation underline, the proposed method compares well with a human experts opinion. The results are in significant favor of the novel quality measure in comparison with other quality metrics, NIST NFIQ. To the best of our knowledge, this level of agreement with human opinion has not been reported before. The two test fingerprint verification systems show a monotonically increasing performance when only fingerprints given continuously higher and higher quality by our estimator are involved. This leads to an EER of 0.2% which is significantly better than using no-quality metrics. Future work includes the study of using linear combinations of symmetries of different orders to model the tensor, instead of pushing one dominant symmetry. Furthermore, we plan to experiment with different kinds of image degradations, particularly for the face image case.
